The Arrhenius plot for 39At released during step heating of a sample containing a distribution of diffusion domains will depart from a straight line in ways that depend on the domain size distribution and the heating schedule used to extract the 39At. In a new series of experiments we make use of the heating schedule effect to confirm the multidomain nature of several alkali feldspar samples. We find that temperature cycling is particularly useful for determining the diffusion parameters (activation energy and frequency factor) of the different domains. We also use the log (r/to) versus cumulative percent 39At released plot presented in an earlier paper to display better the sizes of the different domains and the proportion of argon that they contain. We conclude by showing that a particular choice of the geometry and number of domains is not critical to the determination of the thermal history provided the 39At data are satisfactorily fitted by the particular choice mode. Experiments on single crystals show that multiple diffusion domains are an intrinsic property of the feldspars and thus are not separable by a careful selection of the grains to be analyzed.
INTRODUCTION
Recent work on argon diffusion [Zeitler, 1987; Lovera et al., 1989; Richter et al., 1991] , as well as inferences from microstructural studies [Harrison and McDougall, 1981] , suggest that feldspars contain argon diffusion domains of varying sizes. Earlier studies by Turner [1968] and Gillespie et al. [1982] illustrated the effect on the age spectra of aggregate samples having a distribution of different argon domains. Our own results [Lovera et al., 1989 ] not only support the general concept of distinct diffusion domains in alkali feldspars but also quantify the differences that should be expected between age spectra, Arrhenius plots, and cooling histories calculated assuming single or multidiffusion-domain behavior. When data from alkali feldspar samples of the Chain of Ponds pluton (CPP) are interpreted as having a single uniform domain, we found that the cooling history determined from their closure temperatures (calculated following Dodson [1973] ) disagrees with estimates of the cooling rate obtained from the shape of the individual age spectra. These differences are reconciled once one assumes that the samples from CPP are in fact made up of a We noted earlier that Arrhenius plots derived from multidomain samples depend on the temperature and duration of the heating steps used. In other words, different heating schedules for the same sample will result in different Arrhenius plots. We present the results of applying different heating schedules (cycling the temperature rather than monotonically increasing it) to splits of samples from CPP. Comparing these results with those obtained previously using progressively increasing temperature steps [Heizler et al., 1988] further shows that the alkali feldspars from CPP contain diffusion domains of varying sizes. The new cyclic heating experiments generally confirm as a valid approximation to assume that all domains have the same activation energy. In another paper we recognize the existence of small variations in activation energies and describe an approach that accommodated these variations in the multidomain calculations. However, the Arrhenius plots from these examples fail to show the properties of the distribution itself (domain size, pj, and volume fraction, •bj). We proposed [Richter et [1978] . Precision of temperature measurement and control is estimated to be better than _ IøC for most conditions and accuracy of measurement of thermocouple temperature is ---5øC. The accuracy of measurement of the sample temperature can be routinely gauge by the melting temperature of the Sn foil (at 230øC) and the breakdown of volume diffusion behavior in the alkali feldspar at 1150øC due to incongruent melting. Because each heating step involves a heat-up and cool-down phase, the duration of each step is taken to be the time between reaching within about 5øC of designated temperature and the furnace shutdown. Although the time for thermal equilibration within the sample crucible varies with temperature, the effect on calculated diffusion coefficients is second order and no correction is made for steps greater than two minutes. Note that the heating schedule which optimizes the information on the Arrhenius plot may not yield the best age spectrum. Indeed, there is a clear conflict between these goals which requires compromises in the choice of the heating schedule. For example, as discussed in the next section, steps cycled to lower temperature to assess variation in activation energy between domains result in very low gas yield, even for long heating durations. While the 39Ar signal is almost always sufficient for the Arrhenius calculations, the corresponding radiogenic 4øAr content is often highly uncertain giving the age spectrum a noisy appearance (e.g., Tables 1-4 . Corrections are made to the data for interfering nuclear reaction products, extraction blanks, and the decay of 37Ar. Uncertainties for ages are quoted at the one sigma level and do not include the error in the J factor, estimated to be 0.5%. All ages have been calculated with the decay constants and isotope abundances recommended by Steiger and Jiiger [1977] . Diffusion coefficients are calculated using the expressions summarized in Table 5.1 
CYCLING THE EXTRACTION TEMPERATURES
Based on data generated by monotonically increasing extraction temperatures, we made the simple assumption that all domains have the same activation energy [Lovera et al., 1989 ]. However, we noted that Arrhenius plots obtained using the traditional monotonic step heating do not resolve well the activation energy of the larger domain sizes. In order to determine the activation energy of each component of the distribution, we find it to be more effective to cycle the temperature rather than to increase it monotonically. As an example, Figure 1 shows calculated Arrhenius data for both a monotonic and cyclic heating experiment applied to the same synthetic sample. The cyclic heating schedule begins by raising the temperature in the conventional way, but sample called MH-10.cf. The heating schedule used starts with a monotonically increasing temperatures followed by several steps maintained at a fixed temperature in order to exhaust completely the smallest diffusion domains. After that the temperature was reduced for a few steps to assess the activation energy of the next larger domains, and so on.
Least squares were used to calculate the lines of the two lowest temperatures domains, but the fifth step was not used in the calculation because the large uncertainty introduced by the long step time and the low percent 39Ar released in this step (see the corresponding log (r/ro) plot in Figure 5 ). For the largest domain size, only two points were available since at temperatures above about 1150øC (temperature at which the alkali feldspars began to incongruently melt), the diffusion properties of the reactants (leucite plus melt) are considerably different from that of the stable sample (note how the solid squares in Figure 2 do not line up on any earlier trend). This effect was already observed in the monotonic increasing heating experiments. Thus the hightemperature domain line was drawn only to illustrate were a domain with identical E would plot. Extraction temperatures above the onset of melting will result in a loss of important information about the existence and diffusion properties of the largest domains in the sample, which are often found to contain more than 40% of the total argon. The way to avoid this undesirable effect is to extract the 39Ar at temperatures below 1150øC by using larger time steps. Thus another experiment was performed on a second split of MH-10 using thermal cycling (MH-10.bm, Figure 
DETERMINATION OF DOMAINS FROM 39Ar
The distribution of diffusion domains appears to be pivotal to interpreting data from multidomain samples. Lovera et al. [1989] 
where Do is the frequency factor, E the activation energy, and R the gas constant. Do and E are assumed to be common to all domains in the distribution. late age spectra for these distributions using thermal histories that need not be characterized by linear increases of 1/T with time. Figure 10 shows the age spectra calculated assuming a constant rate of cooling. Assuming a more complicated thermal history results in the synthetic age spectra shown in Figure 11 . This last example was chosen so that the segments of the cooling history affecting different domains of the sample have different cooling rates, in effect very different diffusion time constants, rj. Note that in both
Figures 10 and 11 there are only small differences in the age spectra obtained using the three different domain distributions. These examples suggest that any set of distribution parameters that allows a satisfactory fit to the Arrhenius and log (r/to) plots, will result in an equally satisfactory estimate of the cooling curve based on the 4øAr/39Ar data. Arrhenius plot enters only through the factor log (Do/r2), which is also used to calculate the plateau temperatures. Therefore one should obtain essentially the same plateau temperatures assuming any geometry. Finally, the shape of histories obtained by interpreting the data using different geometries. This point is best illustrated using actual data. Figure 12 shows the measured age spectrum and two log (r/r o) plots of sample MH-10.bm calculated using spherical and planar domains. These plots are compared to the theoretical curves calculated using the distribution of spheres and slabs shown in the inset and the cooling curves shown in the inset to the age spectra plot. Note that even though the spheres and slabs produce different log (r/ro) plots, requiring different size distributions, the fit to a common age spectrum results in very similar estimates of cooling history. It appears that the specific geometry adopted is not particularly important in determining a thermal history.
All of the samples so far discussed are made up of a mixture of several individual crystals. It is conceivable that the distribution of diffusion domains required to explain the 4øAr/39Ar data is the result of each crystal having a particular domain size. Advances in mass spectrometry now allow for 4øAr/39Ar measurements on small individual crystals, and thus a direct test can be made regarding the existence of multiple domains even in a single crystal. Interpretations of the data from MH-10.bm using spherical or planar geometry. The actual log (r/ro) plots and age spectrum are shown in heavy lines. The log (r/r o) plot for the MH-10.bm data calculated using plane slabs (heavy dotted line), falls above that calculated using spheres (heavy solid line). Both an Arrhenius plot and a log (r/ro) plot require that the geometry be specified and will differ depending on what geometry is assumed. The distributions obtained by fits to the log (r/ro)plots are shown in the inset, with open columns for slabs and solid columns for spheres. Theoretical log (r/ro) plots and age spectra were calculated for these distributions and are shown by dotted and dashed lines for the cases of planar and spherical geometry, respectively. The cooling history determined by fitting the age spectrum assuming each geometry is shown in the inset to the age spectra plot. Note that no appreciable difference in cooling history results from using one or the other geometry. segment of cooling history is not sensitive to changes in the distribution and to the particular choice of the domain geometry provided they fit the same set of 39Ar data. Also, 4øAr/39Ar measurements on single crystals of the MH-10 and MH-42 samples resolve distributions of diffusion domains not unlike those found when analyzing several grains together. Thus the diffusion domains appear to be an intrinsic property of the alkali feldspars, not separable by careful selection of the grains to be analyzed, and the methods developed here are equally necessary when single crystals are use as thermochronometers. The physical nature of these domains is of great interest to us but as yet is imperfectly understood. Our currently efforts are directed at placing constraints on the size and manifestation of these features through microscale imaging (e.g., TEM) and controlled experiments. Results of these experiments underway will hopefully lead us to a refined understanding of the microstructure responsible for the diffusion domains which, in turn, should enhance the clarity of the model. The constants b and a n depend on the particular geometry assumed (spherical (b = 6, a n = ntr), planar (b = 2, an = (2n -1)td2), and cylindrical (b = 4, a n are the roots of the Bessel function J0))-In the case of plane slabs, log (r/r o) can be written as 
